Abstract The use of advanced oxidation processes (AOPs) to remove pollutants in various water treatment applications has been the subject of study for around 30 years. /NaClO, TiO 2 /UV etc.) have been investigated in depth and a considerable body of knowledge has been built up about the reactivity of many pollutants. Various industrial applications have been developed, including ones for ground remediation (TCE, PCE), the removal of pesticides from drinking water, the removal of formaldehyde and phenol from industrial waste water and a reduction in COD from industrial waste water. The development of such AOP applications has been stimulated by increasingly stringent regulations, the pollution of water resources through agricultural and industrial activities and the requirement that industry meet effluent discharge standards. Nevertheless, it is difficult to obtain an accurate picture of the use of AOPs and its exact position in the range of water treatment processes has not been determined to date. The purpose of this overview is to discuss those processes and provide an indication of future trends.
Introduction
A literature review for the period 1975-2000 (Figure 1 ) shows the growing interest in these processes with a peak over the period 1995-2000. Entering "water treatment" in a search in the Chemical Abstracts database for the period 1975-2000 yields 280 articles or patents, out of a total of 5,165 articles dealing with AOPs. Naturally, this does not reflect the actual number of publications in this field. We limited our search to publications between 2000 and 2003 in the Pascal database, focusing on fullscale applications. We found 84 articles with AOPs as their subject matter, but the majority of the articles considered lab-scale experiments.
Entering AOPs in a search engine on the web yielded around 5,000 hits, but few of these dealt with industrial applications. Calgon claims about 150 industrial applications for 1975-1980 1980-1985 1985-1990 1990-1995 1995-2000 Figure 1 No. of publications considering the major AOPs for the period AOPs but no further relevant information can be found on the web sites of the main process companies or chemical suppliers.
Use of AOPs in drinking water and ground remediation
AOPs are used in drinking water treatment and groundwater remediation to remove organic pollutants such as pesticides and solvents.
Regulations
The European Directive 98/83/EEC has defined limits for organic pollutants in drinking water and the EC Member States are required to adhere to these standards (Table 1) .
Pesticides monitoring
The last annual report from IFEN (French Environmental Institute, 2002) reported on the contamination of surface water and groundwater by pesticides (Table 2) .
Triazines are among the most abundant pesticides in both groundwater and surface water. Since 1997, atrazine has been found in excess of 50% of samples of both surface water and groundwater, whilst its degradation product, desethylatrazine (DEA), is the most frequently found (50% of all analyses). Other frequently found herbicides include diuron and isoproturon (urea substitute family), with diuron found in approximately 35% of surface water samples and 5% of groundwater samples since 1997, with corresponding values of 20% and 5% for isoproturon. The triazine and the urea substitute, are the two most widespread families of pesticides in European groundwater, as shown by the Technical Report of the European Environment Agency (1999) and for drinking water supplies in the USA (AWWARF, 2000) . The reaction of O 3 and atrazine is slow (7 M -1 s -1 , von Gunten and Hoigné, 1994) but if H 2 O 2 is added then atrazine is rapidly oxidized (3 × 10 9 M -1 s -1 ), (von Gunten et al., 1995) by the radical species present in the ozone cycle, especially OH° ( Duguet et al., 1990; Paillard et al., 1991; Prados et al., 1995) . This AOP enables a reduction in atrazine concentrations of up to 95%. Unfortunately ozonation produces deisopropylatrazine and desethylatrazine as the main by-products. The concentration of by-products is dependent on the O 3 concentration, the contact time and the use of H 2 O 2 (Prados and Ciba, 1997;  Sampling points with pesticide concentration < 0.1 µg·L -1~7 5% 56% Sampling points with pesticide concentration > 2 µg·L -1 11 sampling points (3 °/°°) 3% (or 5 µg·L -1 for all the substances) For atrazine removal ranging from 40 to 80%, DEA production varies from between 20 to 50% of the atrazine removed and DIA from 8 to 22%. On the basis of these results, the French authorities, applying the European Directive, no longer approve the use of AOPs to remove pesticides.
Micropollutants removal
The O 3 /H 2 O 2 process can destroy volatile organic compounds (VOCs) such as alkanes or alkenes. Paillard et al. (1985) showed that O 3 /H 2 O 2 was more efficient than O 3 alone ( Figure 2) . Bellamy et al. (1991) found that rate constants for alkenes were higher with O 3 /H 2 O 2 than O 3 alone (Figure 3) .
A groundwater treatment plant was installed in 1992 in North Hollywood, CA (USA) with that intention. A further plant in South Gate, CA has used the same techniques to treat the same pollutants since 1993 (Rice, 1999) . Ozone was found to be extremely effective in the destruction of two toxins developed by cyanobacteria (peptide hepatotoxins and anatoxin-a). Rosinato (1998) found that the reaction rate of ozone and a combination of O 3 /H 2 O 2 with microcystin-LR (1 mg·L -1 in pure water), was extremely rapid (less than 30 seconds to remove 40% with ozone and 50% with O 3 /H 2 O 2 , with an ozone concentration of 0.02 mg·L -1 in each case). Increasing the ozone concentration to > 0.22 mg·L -1 brings almost 100% removal. Atasi et al. (1997) showed that the ozone concentration is the most important factor for removing geosmin, MIB and IPMP. O 3 /H 2 O 2 and H 2 O 2 /UV have been used in the US to remove TCE and PCE from groundwater for around 10 years. More recently, it has been demonstrated that AOPs have advantages over ozone alone in the removal of MTBE (Safarzadeh, 2001) . The main by-products are terbutyl formate, terbutyl alcohol, acetone, formaldehyde, 2-methoxy-2-methyl propionaldehyde, hydroxyisobutyraldehyde and methyl acetate (Acero et al., 2001 ). 
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COD reduction
The oldest of the AOPs studied and applied to reduce COD is probably the Fenton reagent (H 2 O 2 /Fe 2+ ), used in various industries (Table 4) . The Fenton reagent necessitates the use of a large amount of acidic and alkaline chemicals (ideal pH about 2.5). It is usually applied for wastewaters with a COD in the range 1-100 g/L with a poor biodegradability and COD levels below the cost-relevant limit for WAO or incineration. In the textile industry case, de-sizing baths with non-biodegradable sizing agent and exhausted dye baths are treated by oxidation in a special reactor at 100-130°C and a pressure of approximately 3 bar. This is known as the thermal Fenton process (European Commission IPPC, 2002) . As a finishing step, it seems more relevant to consider AOPs that are efficient under neutral conditions without sludge production than the Fenton process.
Specific pollutant removal
Cyanide is a pollutant of high toxicity that is produced in the gold mining, chemical and metal finishing industries. Bleach is still widely used to treat effluent containing cyanide, but the presence of residual chlorine and AOX has meant a switch to other processes. There are 2 AOPs that are more specific for this purpose: the combination of NaClO and H 2 O 2 that promotes the formation of singlet oxygen and the activation of hydrogen peroxide with copper ion, generating OH°. Free cyanide and some metallic complex cyanides are removed by these 2 AOPs, but [Fe(CN) 6 ] 4-and [Fe(CN) 6 ] 3-are resistant to it. In those cases H 2 O 2 /UV may be of interest (Laslo and Dombi, 2002) . Table 5 shows various applications.
There are other industrial applications of AOPs for specific pollutant removal such as H 2 O 2 /UV for the treatment of VOCs in the US, such as in the Kennedy Space Center in Florida where effluents contain acetone (20 mg/L) and isopropyl alcohol (20 mg/L). The treated flow rate is 27 m 3 /day and the system achieves 97.5% removal for acetone and alcohol with 100 mg/L of H 2 O 2 . The H 2 O 2 /UV process is also used in the aerospace industry to treat wastewater containing NDMA (1,400 mg/L) and UDMH (unsymmetrical dimethylhydrazine -6,000 mg/L) with 99.9% efficiency. The future of AOPs
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The decision on the most appropriate AOP to use must take the following factors into consideration:
• the nature, physico-chemical properties and concentration of the pollutants to be removed (those with a kinetic constant for OH°k(M -1 s -1 ) >10 8 are suitable) • the biodegradability of the pollutants • the presence of hydroxyl radical scavengers and compounds that absorb UV radiation • the content of suspended materials • the existing content of a catalyst in the effluent • the suitability for handling sludge, the possibility of heating the effluent and controlling pH However, the primary considerations are still the degree of removal that has to be reached and existing alternatives, depending on the area of the application examined. The cost of the system is obviously an important factor and is very often not taken into account in many application studies.
Drinking water and groundwater treatment
With such water, the challenge is to remove contaminants present at a concentration of a few µg/L, when other fairly reactive compounds are present at a concentration of some mg/L.
In this context, AOPs appear to have some disadvantages such as the reactivity of OH°w ith many reducing compounds in the water to be treated, the production of more hydrophilic by-products than the original one, a poor knowledge of the toxicity of by-products for some pollutants, the production of BDOC (impact on biofilm in the distribution network). The following approach should be adopted to decide on the suitability of AOPs for particular cases:
• consideration of the expected by-products of the pollutant being removed • evaluation of the efficiency of alternative processes such as activated carbon • determination of the content of reducing agents in the water to be treated • assessment of the best solution for the resource quality and the standards to be met Optimized cost-effective AOP processes have been developed by various companies (Parson, 2002) but from the foregoing it can be seen that AOPs are much more suitable as a technology for groundwater pollution (MTBE, TCE, PCE etc.) where by-products are not an issue. Processes to be investigated in the context of COD are: clarification, biological treatment, oxidation processes, membrane bioreactor technologies, WAO and incineration. The choice will depend on the COD content, the flow rate of the effluent to be treated, the presence of toxic compounds, the nature of the COD, nature and concentration of the other contaminants, and lastly the standards to be met. Some basic considerations can help to decide whether an AOP is the best way to treat an effluent. Firstly, it is assumed that if a biological or clarification treatment is warranted, this is the appropriate process. Toxic compounds that prevent the use of biological treatment can warrant the use of an AOP as a pretreatment step. Identification of the various sources of the final effluent can pinpoint a specific one for which individual treatment is required. If biological treatment is not adequate to ensure that the required standard is met, then an AOP can be used as a complementary treatment to remove the residual COD. However, its use should still be weighed against that of other technologies, such as GAC or the inclusion of membranes in the biological stage.
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The Fenton process is suitable for the treatment of specific effluents with a flow rate of a few m 3 per hour and with a COD of several g/L. The basic AOPs have now been optimized (Fenton, H 2 O 2 /UV, O 3 /H 2 O 2 ) and the cost of such technologies is not likely to fall very much in the future. The economic viability of a process is a key factor and new processes need to be developed to reduce investment and operating costs. Ghaly et al. (2001) compared the H 2 O 2 /UV and photo-assisted Fenton processes for oxidation of p-chlorophenol and have demonstrated that the energy costs -an important factor for UV -are reduced by at least 70%. This approach is of interest for the further development of AOPs. As far as other technologies (e.g. ultrasound, pulsed streamer corona discharge, TIO 2 /UV/ultrasound and radiolysis) are concerned these are of interest, but it is necessary to consider all of the potential processes at our disposal. Any consideration of AOPs necessitates their evaluation in the context of processes, including those that could be combined with an AOP to obtain the best solution.
Conclusions
The first AOP developed was probably the Fenton reagent for wastewater treatment to reduce COD with flow rates in the range of few m 3 /h. Singlet oxygen and H 2 O 2 /Cu 2+ have also been used to remove cyanide. O 3 /H 2 O 2 and H 2 O 2 /UV processes were developed in the 1990s in the US to treat groundwater contaminated with TCE and PCE, but also to eliminate unwanted taste and odors by removing geosmin and isoborneol compounds. O 3 /H 2 O 2 processes were developed in Europe to remove atrazine and simazine from drinking water. This latter application will be discontinued in France as the regulatory authorities no longer approve such processes to remove pesticides because of the production of by-products. Neglecting the cost factor, and assuming that an AOP is effective, then the production of by-products is the first aspect to be investigated to establish the suitability of the process. The increasingly stringent regulations that apply for wastewater and drinking water have been the motivating force for numerous studies of the use of AOPs for the reduction of COD and removal of colorants and specific pollutants. Several processes have been developed, such as O 3 /H 2 O 2 , H 2 O 2 /UV, O 3 /catalyst and the high-temperature Fenton process. However, their high cost has meant that their use has been confined mainly to the treatment of effluents with a low flow rate. Other processes, such as clarification, biological treatment or membrane bio-reactors, are very often cheaper. The most appropriate use of AOPs is as a pretreatment stage to enhance biodegradability, as a main process for very specific product flows, or as a finishing stage. However, more cost-effective processes are needed to really ensure wide-scale development of these water treatment modalities.
